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Abstract

A preliminary design study of a conceptual
6000~MW open-cycle gas-core nuclear rocket engine
system was mede. . The engine has a thrust of
44200 1b and a specific impulse of 4400 sec. The
muclear fuel is wranium-235 and the propellant is
hydrogen. Critical fuel mass was calculated for
several reactor configurations. Major components
of the reactor (reflector, pressure vessel) and the
waste heab rejection system were considered con-
ceptually and were siged.

Introduction

The suitability of an open-cycle gas-core
nuclear rocket engine for very fast round trips to
nearby planets, e.g. the 80-day Mars courier, has
been pointed out in Ref, 1. It was reported that
for engine thrust ranging from 4500 to 90 000 1lb
and engine pressures from 493 to 1975 atm the
maximun specific impulse could be 2500 to 6500 sec.
These high specific impulses can be achieved only
by disposing of the heat generated in the moderator
due to the attenuation of gamme and neutron radi=-
ation. This waste heat is about 7 percent of the
reactor power and can be disposed of with a space
radiator.

A number of conceptual ‘studies of an open-
cycle gas-core reactor have been made but with only
a cursory approach to component design.z'4 The
one study of the major components is for a high
thrust (405 000 1b), low specific impulse (1730
sec) engine,® rather than the low thrust, high
specific impulse reported herein.

This paper chronicles the preliminary design
study of some of the major components (moderator,
pressure vessel, and heat rejection system) of an
open-cycle gas-core reactor system. The thermo-
dynamic and fluid dynamic phenomena associated with
the gas-core rocket reactor concept were accepted
as a basis for this study. Only steady state
operation conditions were considered. A goal of
the study is to make a first-order approach to de-
sign and sizing of several major components, and
to make weight estimates of these components.

There is no "best" engine at present but rath-
er a range of engine parameters from which one can
select the best engine for a particular mission.
For the design study a 44 200 1b thrust, 4400 sec
impulse, 6000 MW engine with a hydrogen propellant
flow rate of 10 1b/sec was selected. The reactor
configuration is assumed to be a spherical cavity
surrounded by a reflector-moderator and a pressure
shell, The reflector-moderator is cooled by an
inert gas and the heat is rejected to space by an
external gas radiator.

Of primary concern in the design of the
reactor is the calculation of the critical fuel
mucs required to operate the reactor. This cannot
be calculated directly, however, because critical
muss 15 dependent on reaclor configuration, ma-

terials of construcbion, and hydrogen témperature
and pressure in the cavity. .Hydrogen temperature
and pressure, though, are dependeit on engine
thrust, specific impulse, and fuel mass, ' Obviously,
an iterative procedure is reguired to aryive at a
consistent set of reactor conditions to be used for
component design. Additional constraints on the
design include cavity wall cooling limitations and
pressure vessel strength limitations.

This report will describe the open~tycle gas-

~ core nuclear rocket engine, chronicle the design

and give both the results of this study and reco-
mmendations for fubure studies.

Description of Engine

The major components of the engine gystem are
shown schematically in Fig. 1. In-this design
study the emphasis was placed on the reactor compo-.
nents (reflector-moderator, pressure vessel, etc)
and the waste heat rejection system (space radiator,
intermediate heat exchanger). -These components will
be discussed in detail in later sections.

The proposed reactor shown in Fig., £ is spher-
ical in shape and is composed mainly of a titanium
alloy (Ti-6A1-4V) pressure -shell, ‘a beryllium oxide
reflector-moderator and a porous or slotted cavity
liner. A section of the reactor is shown in Fig, 3.
The sketch shows the uranium plasma, the liydrogen
propellant flow area, the reactor components and
the various flow passages. The cooling passages in
the reflector moderator are to remove 7 percent of
the reactor power which is deposited by the atten-
uation of high-energy gamma and neutron radiation.
The uranium plasma is fissioning uranium enriched
to 98 percent U-235.

The 7 percent of total reactor power whiéﬁ%is 1

"_removed from the reflector-moderator must be rew

jected by the waste heat system. There dre two
types of systems being considered. The first sys-
tem consists of a‘helium gas radiator which oper-
abtes at the same pressure level as the cavity. The
helium which cools the reflector-moderator and
carries the heat directly to the high pressure
radiator. In the second system the high pressure
helium carries the heat from the reflector-
moderator through the tubes of a shell and tube
heat exchanger where the heat is transferred to a
low pressure ligquid metal such as Lithiwm, The
lithium is then pumped to a space radiator where
the heat is rejected. The choice of which system
to use depends on factors such as welight and ease
of fabrication.

There are other components which make wup the
engine which have not received much attention in the
present design study. They are the propeilant
storage tank, hydrogen turbopump sysbem, hydrogen=
seed system, uranium storage and injection systen,
the porous cavity liner, the reactivity dontrol
system, shielding, and the rocket mozzle. ' Little
can be done to design these componentsuntil the
operating conditions and size of the Yeath itse




have been determined.

Criticality Calculations

A design procedure was developed to' determine
the fuel mass and propellant pressure required for
a reactor configuration composed of any combination
of cavity diameter, reflector-moderator thickness,
and amount of structural material contained in the
reflector.  Ancillary data from the criticality
caleulations are presented in the- form of Lrlux
spectra and reactivity effects,

Design Procedure

In a gas-core reactor, fuel mass and propel-
lant’ chamber pressure are mutually dependent.
Pressure as a function of fluld dynamics and heat-
transfer phenomena was derived by Ragsdale.
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P =146 =0 ?51 (1)
oS4 (vp/ve)
where
P = pressure. in reactor .cavity, atm
Mg = fuel mass, kg
" =-thrust, lbg
Isy o = specific. impulse, sec
Di = cavity diameter, ft
Vp/Ve = volume fraction of fuel in the cavity

In addition, the fuel mass must attain nuclear
criticaliby as represented by:

H
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where

M = critical mass, kg

M{ref) = critical mass of reference
model, kg (fig. 4)

R = relative critical mass in-
crease caused by inclusion of
separated molybdenum (greater
than 98 percent Mo%8 and
Mol00) as structural ma-~
terial (coolant tubes) in the
reflector

percent ( ES;) = reactivity worth of hydrogen

P pressure, percent (fig. 5)

R 1

H
percent = (éemp) = reactivity worth of hydrogen
temperature, percent (table I)

— = reciprocal of specific fuel

percent Lk reactivity worht, kg/percent
k (fig. 7)

Reactor design conditions must satisfy both

Egs. (1) and (2) in order to have a critical fuel

loading that can be contained by the coaxial flow

of the hydrogen propellant.

Calculation of the reactivity effects re-
quired in BEq. (2) has been reported in detail in
Ref .6 and - therefore will only be summarized here.
Reference model (hydrogen propellant at 19 100° R
and 400 atm, ond a fuel volume fraction of 0.3)

calculations were made using the neutron transport
cade TDSN' with spherical’ geometry. A series of
calculations were performed for cavity diameters of
10 ft, 12 ft, and 14 £t and reflector thicknesses
of 1.5 ft, 2 ft, and 2.5 £t which show critical
mass increasing with increasing diameter and de-
creasing reflector thickness (fig. 4). Relative
critical mass. increase as a function of volume
percent structural material contained in the re-
flector was shown to be nearly independent of
cavity diameter and reflector thickness.” 'This
allowed a single correlation to be applicable to
all configurations considered herein, At 3.035
volume percent Mo the relative critical mass in-
crease (R) was 0.63 and at 6.07 volume percent Mo
it was 1.68. Tor calculational use these data can
be represented by Eq. (3)

R
R

0.208/% Mo
0.346/% Mo

for ' Mo < 3% .
< a1 (3)
for 3% < Mo £ 6%

H

I

The extreme sensitivity of criticality in the gas-
core reactor to neutron absorbers necessitated the
use of Mo which was isotopically separated to ob-
tain a product. containing greater than.98 percent
Mo98 and MolQ0,  Structural material is required
in the reflector for coolant tubes which would be
constructed of the Mo alloy TZM. -Effect. of pres-
sure on criticality for the reference reactor con-
figurations is shown in Fig. 5. The rate of
change of reactivity worth with pressure increases
as diameter increases: because the. thickness of
hydrogen in the cavity also increases with diam-
eter. For calculational ease the reference model
was assumed to have a constant temperature hydro-
gen propellant region whereas in an operating
engine a gradient exists from the fuel-hydrogen
interface to the. cavity wall. A better analytical
representation was attempted by assuming five hy-
drogen zones with temperatures varying from 7500°
to 40 000° R (fig. 6). The difference in reac-
tivity was -0.25 percent  Ak/k for a 10 -ft diameter
configuration and -0.50 percent - &k/k- for a 12 £t
diameter configuration (Table 1). The 14 ft diam~
eter configuration was. assumed to have a ~0.,70
percent - Ok/k. hydrogen temperature distribution
worth. These values were assumed consbtant for all
cavity pressures.

To compensate for negative reactivity of the
hydrogen pressure and temperature, fuel mass is in-
creased, Fuel reactivity worths are plotted in
Fig. 7 for 10.ft, 12 ft, and 14 £t diameter reactor
configurations. Decreasing fuel worth per unit
mass with increasing fuel loading is attributed
to increasing self shielding effect within the
plasma ball and decreasing relative mass change
per unit mass addition.

To determine the required fuel mass and pro-
pellant pressure for a-particular configuration,
appropriate values are.selected for. M(ref) from
Tig. 4, R from Eq. (3), percegt Lk/k (téﬁp) from
Table 1, and percent &k/k (préss) from Fig. 5 for
an estimated cavity pressure.  The required fuel
addition to compensate for the negative reactivity
is determined from Fig. 7 and solution of Egq. (2)
follows. If this agrees with the pressure from
Bg. (1), a solution has been obtained. Otherwise
the ectimated prescure must be iterated until con-
sistent values for  Mp.- and P . are obtained.

Calewlational recults are summarized in Fig., 8



for reactors which satisfy both fluid dynamic and
eriticality operating conditions. . However these
designs have no structural material -in the re-
flector; “As the fuel requirement for criticality
is increased by a reduction of reflector thickness,
the negative reactivity of the additional hydrogen
associated with that increased fuel loading

(Bq. (1)) nécessitates that even more fuel be
added. " The result is-a rapidly increasing fuel
loading (and hydrogen pressure) as reflector thick-
ness ‘is decreased, -Similarly the smaller diameter
configurations, which have higher pressure levels;
are more sensitive to changes in reflector thick-
ness, -Comparison with constant pressure results

in Fig. 4 indicates the importance to the design
calculations of accurately determining the hydrogen
pressure in an operating engine.

When separated Mo is added to the reflector
(to simulate structural material), a significant
ircrease in critical fuel loading occurs (fig. 9).
Neutron absorption in the Mo increases the critical
fuel reguirement which in turn requires a higher
hydrogen pregsure to contain the higher fuel load-
ing.

In an effort to reduce fuel mass and propel-
lant pressure”(and, -therefore reactor weight),
uranium-233 was substituted for U-235 fuel in the
reactor configuration of 14 ft cavity diameter and
2:ft reflector thickness with 1.9 percent Mo in the
reflector, - Fuel mass was reduced from 107.7 to
32.9 kg and hydrogen propellant pressure from 550
to 105 atm, This-effect can be utilized in the de-
sign-to reduce reactor size and/or increase the
amount of structural material.

Several items which could effect the neutron-
ics design calculations and which were mot in-
cluded in this analysis are fission product build-
up in the core, structural material in the cavity
liner, fuel dilution by the propellant.and varia-
tions of fuel to cavity diameter ratio. - No attempt
is made to-assign any relative significance to
these but they should be considered when a more
definitive study is desired.

Maximum Propellant Pressure

Based on Eq. (1) for a given fuel loading,
thrust, specific impulse, and fuel volume fractionm,
there is a hydrogen pressure required to contain
that fuel mass in a gas~core reactor. Criticality
depends on the positive reactivity worth of the
fuel less the negative reactivity worth of the hy-
drogen propellant. For a given cavity diameter
specific fuel worth decreases with increased load-
ing (fig. 7). However, the negative reactivity
worth of hydrogen per unit of pressure is nearly
constant up to 1200 atm. Therefore, the net worth
of fuel plus hydrogen decreases with increased
fuel loading. In fact, this net worth becomes
negative at some fuel loading, The pressure cor-
responding to that fuel loading ig the maximum
pressure (or fuel loading) at which the reactor
can be made critical. If any additional fuel is
added, the hydrocen pressure increase required for
fluid dynamic stability would make the reactor
suberitical,  For the configuration in this study
(thrust = 44 200 1b specific impulse = 4400 sec,
fuel volume fraction = 0.3) the limiting pressure
war detemined to be 620 atm, 680 atm, and 730 atm
{or reactors with cavity diameters of 14 ft, 12 f't,

and 10 ft, respectively (fig. 10).  Thege values
establish the upper limits Tor the fuel loading
curves presented in Figs. 8 and 9.

Core Characteristics

Both total and fast (energy greater than S MeV)
flux levels throughout-a reactor are listed in
Table 2. These data-indicate the spéctral shift
from a fast core region to a more' the:
flector region.. -Alsoy .of interest is the nearly
constant flux level through the core:. Thig indi-
cates that the fuel is sufficiently dilute thab
self shielding  does not -appear to be important in
the core at-expected fuel loadings (fig. 8).

These flux data-are useful: in calculating radiation
exposure damage to materials. -However, it should
be noted that the data are sensitive to both reac-
tor materials and geometry and that the values in
Table 2 are for a-specific configuration.

Another indication of the flux spectrum in
these high temperature gas-core reactors:is the
median-fission energy, Ef- The configuration cal~
culated in this study Ep varied from 0.2 to
0.7 eV. Previous calculations and experiments on
this type reactor had indicated reactor fluxes Lo
have a more thermaligzed flux spectrum. This
spectral change is attributed to the presence of
high temperature hydrogen gas (in:the high impulse
design) which is located between the fuel and the
reflector. Neutrons which are thermalized in the
reflector region represent the principal source of
fission and these must pass through' the hydrogen
region before reaching the fuel, . Sivice the hydro-
gen atoms have energies considerably in-excess of
most of these neutrons (for example; at 19 000° R
the hydrogen atoms has a most probable energy of
0.91 eV and an average energy of 1i:36°eV); scatter-
ing collisions tend to increase:the enérgy of ‘the
neutrons., This upscattering effect hardens the
low energy spectrum of neutrons entering the core.
This reduces criticality because the ratio of
capture to fission cross sectioniof U-235 decreases
in the epithermal energy range (compared to lower
energies). This upscattering effect (decreased
reactivity is directly related to: hydrogen temper-
ature and therefore will become increasingly impor-
tant for higher impulse engine designs, - Bince the
effect on criticality is also a function of fuel
cross sections, engine designs with 'other fuels
may react differently.

Moderator Design
Regquirements

The moderator-reflector is required to ther-
malize and return neutrons to the reactor core to
provide the source for next generation fissions.
About 7 percent of the reactor power will:be de-
posited in the reflector so it must also serve as
a heat exchanger to transfer thig liedt to a radia-
tor for disposal. - In order to minimize radiator
size it is important to operate the reflector at
as high a temperature as possible, -~ Therefore;

BeO was selected as the principal mabterial of con=
struction because of 1ts superior nudlear pr

ties and high temperabure capability:
the extreme sensitivity of gas-core r
to neutron abzorption external to the
nuclear considerabions took precedence wover
anical and physical properties in materiol celec

fion,




Since BeO is a ceramic and therefore limited
‘inmechanical application, ‘the use of a structural
meterial will be required:for heat exchange tubes,
‘containment, etc. For this purpose, a molybdenum
Lalloy TZM will be used. The Mo will be isotop-
ically segarated to greater-than 98 percent Mo%8
plus Mot £o reduce neutron absorption. Low
neutron absorption, material compatibility, and
good heat-transfer properties led to the selection
ofhelium. (He) as-the coolant,

Two methods of operating the heat exchanger
have been considered, each with its particular ad-
vantages: A low: pressure system would utilize a
low coolant pressure contrasted with:-a high cavity
pressure in: the reactor.: This system reduces com-
plexity and weight of the radiator and the coolant
transgfer lines and pumps. . A high pressure system
has the-coolant at the same pressure. as the pro-
pellant: {reactor cavity) in order to reduce tube
thickness and therefore structural material.

The helium inlet temperature to the moderator
was set at 2300° R with the outlet temperature seb
at 25009 R. The resulting helium temperature
change of 200° R requires a flow rate of 1596 1b/
sec to. remove the 420 MW of energy deposited in
the moderator by the attenuation of high energy
ganma and: neuwtron radiation,

Design Concept

The design which has been used in-this study
isishown in Fig. 1. In this design the helium
coolant flows through passages formed by. two con-
centric tubes arranged in triangular array. The
outer tube is TZM and the inner tube is made of
Be®, -~ The two tubes can expand and contract inde-
pendently: thereby minimizing. thermal stresses in
the' tubes. - Thermsl stress in the BeQ can be mini-
mized by using the modular arrangement shown in
Fig, 11, Thermal fracture of some of the hexagonal
BeO blocks will not impair the structural integ-
rity: of the reflector because they are locked in
place-in the design. The porous cavity liner and
hydrogeyn: propellant flow passage are shown in
Fig. 11, :The manifold can be fabricated of ordi-
nary TZM since it is outside of the moderator and
will have no effect on.the neutronics of the re-
actor.

The density of the BeO moderator used in the
nucleus calculations was reduced by the proper
ampunt to account for the void spaces required by
the moderator coolant passages. The effect of
neutron streaming through these passages was ne-
glected.

Radiation Damage

The principal effect of neutron irradiation
on: Be0 is volume expansion, with associated micro-
cracking, which results from atom displacement and
from helium gas generation. . Experimental data at
23009° R indicate that BeO can withstand neutron
doses of 9x1041 /e with little or no micro-
crackl w?d a total volume expansion of 3 to
&) pere 6 Strength tends to increase until
rocracking occurs and then decreaces until
lure. Thermal conductivity exhibited a 7 per—

& l@glbdue after irradiation to 2.5x10%L 1/cm®

Radiation damage effects in TZM tend to be
annealed . out at the operating temperature in the
reflector. Data on material.tested at 2450° R
after irradiation to. 2,4x100 N/cm® indicated about
a 10 percent increase in yield strength and 30 per-
cent decrease in total elongation.

Reactor operating time for a Mars round trip
should be.about 8x10% sec. With fast: flux values
(radiation damage mechanisms are fast neutron
phenomena) from Table 2, the maximum dose to the
reflector should be about 1.5x1040 N/cm per trip.
Thus it appears that multiple trips could be com-
pleted before the dose limit of BeO is reached,
whereas insufficient data are available to evaluate
TZM behavior in that dose range.

Coolant Tubes

Calculations of possible coolant tube arrange-
ments were performed primarily to determine if
cooling of the reflector might present any special
problems. | Also of interest was the approximate
amount of tube material (TZM). required because of
the importance of structural material to critical
mass determination. Thus, only nominal results
were obbained for a system with low coolant pres-
sure (5 atm) and a system with the coolant pressure
equal to reactor pressure abt 400 atm, No attempt
was made to optimize the tube design. Principal
criteria were that the maximum temperature in the
BeO reflector not exceed about 3500° R and that the
coolant pressure drop be about 15 atm or less.

Tube wall thickness was based on.the creep collapse
criterion developed by Richard Morris of Lewis
Research Center for 1000 hours operating at 2000° F.
Tube spacing was selected. as a compromise between
fraction of structural material in the reflector
and thermal stresses resulting from radial temper-
ature gradients.

The analytical model assumed the coaxial tube
design with tube centerlines located on.spherical
radii through the reflector. The outer tube is
constructed with TZM and the inner tube (which has
essentially no pressure differential across its
wall) is of BeO. Tubes were arranged in a tri-
angular lattice. Standard heat conduction and
convection equations were-used to obtain the data
listed in Teble 3. These data indicate that vol-
ume fraction for structural material of up te
about 0.05 would be the range of interest and
coolant volume fractions will be around 0.05 to
0.1. TInitial estimations of radial stresses from
thermal gradients which were made using Ref. 13
indicated that BeO limits would be exceeded. The
situation could be alleviated somewhat by the use
of zirconium beryllide, ZrBejz, which has higher
heat~transfer and strength properties than BeO at
temperatures of interest, 20009 to 3000° R.1%

Pressure Vessel

The reactor is contained in a pressure vessel
which must be able to withstand the cavity pres-
sure. The materisl should be compatible with hy-
drogen at pressures up to about 680 atm and tem-
peratures: to about 720° R. Also a high strength
to weight ratio is particularly required for this
applicabion because the pressure vessel repre-
sents o significant portion of the tobtal system
weight.



Titanium alloys qualify as unique metals for
aerospace constuction, mainly because of their high
strength and ‘low density. . The titanium alloy used
in this design study is annealed Ti-6A1-4V. This
particular alloy was used both because of its prop-
erties and of the state-of-the art of fabricating
large pressure vessels of this material. A
7 £t diameter hemispherical head of Ti-6Al-4V with
4 in. thick wall has been hot pressed for the De-
partment of the Navy.

The ultimate and yield stress for annealed
Ti-6A1-4V was taken from Ref. 13, The allowable
stress is the ultimate stress divided by a factor
of safety of 2, and is 65 000 psi at the operating
temperature of sbout 530° R. . Reference 14 con~-
cluded that there is no embrittlement of un-
notched Ti-6A1-4V specimens by 680 atm hydrogen at
room temperature. Based on flux values from
Table 2, radiation damage to the titanium is of
little consequence, . An exposure of 2x1017 N/
enf sec (100 Mars trips) .causes very little effect
on material‘properties.l

The wall thickness, t, of the spherical pres-
sure vessel can be calculated with the relation

EWD

e 4
4S,E (4)
where Ry  is the maximum allowable working pres-
sure, D is the inside diameter of the sphere,
Sp is the allowable stress, and E 1is the weld
efficiency (taken as 0.9).  The Ti-6Al-4V material
is assumed to be in the annealed condition and at
room temperature.

A weight estimate was made for a pres-
sure vessel with a diameter of 19 ft. With Ti-
6A1-4V as the material of construction and a 10 000
psi design pressure, the wall thickness would be
9§ in. and the weight about 245 000 1b.

Qualitative consideration was given to the
possibility of excessive heating in the vessel
walls resulting from gamma ray absorption. If ex~
cessive femperatures should occur; the walls could
be laminated and cooled with hydrogen.

Waste Heat Rejection Systems

The two candidate heat rejection systems con=-
sidered were a single-loop helium coolant system
and a two-loop, helium gas and secondary lithium
liguid metal coolant with an intermediate heat-
exchanger system. The helium moderator coolant
flow rate must be 1596 1b/sec to remove 420 MW of
heat with a 200° R temperature rise, In both sys-
tems the helium gas is operated at the same pres-
sure as the propellant in order to minimigze
stresses in the coolant tubing of the reflector-
moderator. A nominel value of 10 000 psi was se-
lected for the calculations. In the single loop
system the radiator is designed to contain the high
pressure gas. In the two-loop system the radiator
is designed for low pressure liguid metal.

Because of the large heat rejection reguire-
ment, it was decided to carry out calculations for
four radiators {and four heat exchangers in the
two-loop system), each one-fourth the total size

required. The temperatures, areas, and weights of

the two systems are shown in Table 4 wnd are for
four radiators in the single-loop system and four
radiators and four heat exchangers in'the two Lloop
system.

Radiator weight was observed to be quite sen-
sitive to pressure level. The radiator in the one
loop system with a gas coolant at 680 atm was
almost twice as heavy as the radiator (litlium at
194 atm) in the two loop system even though:its
surface temperature was 150° R higher. However,
the additional heat exchangers required in the two
loop system led to essentially the same. total
weights for the two heat rejection systems. Thus,
system selection should be on same basls other
than weight, e.g., mechanical complexity,

Data in Table 4 are representative of a reac-
tor design with a propellant pressure {and therex
fore primary coolant pressure) of 680 atm. For
designs at other pressures the weight of the gas
pressure bearing components was scaled directly
with pressure level,

System Weight

One basis for selection of major compénerts is
weight minimization of the total system;  Only ‘the
moderator-reflector; pressure shell, and radiator
were considered in this dnalysis because the
weight contribution of all other components (pumps,
structure, piping, ete.) was assumed small enough
not to effect the results.

For a given cavity diameter, pressure varies
inversely with reflectorimoderator weight. Both
pressure shell and radiator weight vary directly
with pressure. -The net result of pressure on Sys-
tem weight is-shown in Fig. 12 for cavity diam-
eters of 10 ft, 12 ft, and 14 £t.

Cavity pressure is a function of fuel mass
which in turn depends on the reflectivity of the
reflector-moderator. For the case of no structural
material in the BeO reflector-moderator; re-
flectivity is determined by reflector-moderator
thickness. Thus, for a given cavity diameter, at
low pressures the reflector-moderator becomes exs
cessively heavy (or thick) and at high pressures
the radiator plus pressure shell become excessively
heavy. Somewhere in between, the tradeoff betwsen
pressure and reflector-moderator thickness vesulbs
in a minimum weight. It is interesting to rote
that the larger reactors have lower minimum weights
(fig. 12). This results from the fact that the
effect of lower pressure on radiator plus pressure
vessel weight tends to override the effect of
larger dimensions on weight.

Component weights for the minimum weight: con<
figurations are itemized in Table 5. In all cases
the heaviest component is the radiator which reps
resents 40 to 50 percent of the total.  The vela-
tive importance of the various component weights
as a function of pressure is shown in Fig. 13 with
the reflector-moderator dominant at dlower prés-
sure and the radiator at higher pressure,

For an operating engine, the weights in Fig, 12
and Tuble § are underpredicted because the L&VILV
liner and the reflector-moderator were assume
be only Be0. As indicated in Criticality Calcewd
tions, fuel mass (and therefore covity p1ccwurh)
is extremely seunsitive to the presence of any




neutron absorbing material (fig. 9). For the par-’
tiewlar design discussed herein aboul 2 percent
structural material would be needed in the
reflector~moderator to provide tubes for the helium
cootant, In only the largest configuration con-
sidered (14 £t diameter and 2.5 ft thick reflector-
moderstor) could more than 2 percent separated Mo
be added without exceeding the limiting critical
pressure.* The system weight increases 42 percent
264000 b when 2.5 percent separated Mo is added
Lo the reflector~-moderator (Table 6).  Weights for
smaller configurations with 1.5 percent Mo are in-
cluded to-show the greater sensitivity of those
systems, ~For example, at smaller diameters the
reactors show relatively greater weight increases
when- structural material is added to the reflector-
noderator.

Also’ indicated in Table 6 is the trend to
lower welght at larger reactor sizes for the Mo
range of interest (1.9 percent) which emphasizes
the dominant effect of cavity pressure on weight.
Thus' somewhat lower: weights might be obtained at
larger diameters and reflector thicknesses than
were considered in this study.

Recommendations

1, Because U-235 fueled reactors have such
high pressures (and consequently high total weights)
future conceptual designs should utilize’ or at
least investigate in more detail U~233 fuel in
order'to reduce critical mass. For example, for a
reactor configuration with a 14 £t diameter cavity
and a 2 Tt thick reflector containing 1.9 percent
separated molybdenum, the fuel mass was reduced
from 107.7 kg to 32.9 kg and the cavity pressure
was reduced from-550 atm to 105 atm.  These re-
ductions can-be utilized in-future designs by re-
dueing reactor size and/or in the amount of
structural material in the reactor.

2. The use of zirconium beryllide ZrBejz as
the mederator material at operating temperatures
up 't ~3000° R could reduce thermal stress problems
associated with the use .of BeO.  The ZrBeyz has
hoth higher strength and thermal conductivity than
BeQ and would minimize thermal stress in the
reflector-moderator.  The nuclear penalty should
ve acceptably small.

3. The sensitivity of fuel critical mass to
nettron sbsorption in reactor materials requires
avery careful choice of materials for the porous
cavity liner., From a nuclear standpoint the choice
of material is limited to low absorption cross
section materials such as separated molybdenum,
heryllides, or carbon,

4, The very high weight of the heat rejection
system warrants a more detailed evaluation of the
design options avallable, - For example, increasing
the surface tgmperature of the radiator above the
value of 2460 R used in this analysis can be a
big factor in lowering radiator area-and weight.

5. 5uch problems as- the hydrogen turbopump
tem, ‘the hydrogen-seed system, the uranium
rage and injection system, the reactivity con-
1. system, shielding, the rocket nozzle, and the
angient operational behavior are still to be con~
ad.
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Cavity diameter = 10 f%
Reflector thickness = 2.0 ft

Cavity diameter = 12 It
Reflector thickness =.2 ft

H zone at 19 000° R
average temperature

H separated

zones on Fig. 6

into | H

zone at 19 000° R |H separabed into
nes on Fig. 6

Multiplication constant 0.9995
Median fission energy, eV .36
Ratio of neutron captures to .227
fissions in fueled region

Absorpticns in cavity H .0l27

region per source neutron

Reactivity worth of zoning,

percent Ak/k (H temp)

0.9970
.34

.235

L0133

-.25

average temperature® | zom
1.0039 0.5088
.39 W37
.229 236
L0156 0185

*Temperature corresponding to average H density in cavity.

TABLE 1 EFFECT OF HYDROGEN DISTRIBUTION OF CORE PROPERTIES

Location Fast flux Flow flux | Total flux
E >0,5 MeV [E < 0,12 eV | N/em? sec
N/enf sec N/enf sec

Core center 5,2x10%° 1.1a0l% 17016

Fuel-propellant interface | 3.5x10%5 L.aaol?  |1,ex10l6

Propellant-cavity liner 2. 11015 1.1x10%° 1.8x1016

interface

Inner edge of reflector- l;BxlOlS 1.8x1015 1.8x1016

moderator

Outer edge of reflector- | 1,2x10%% 9.1a0 | 4.30018

moderator

Inner edge, of pressure 2. 4x1010 5.1x10+3 2.9x104

shell

Outer edge of pressure 5. 4x10% 8. 7x10%0 5.7x00%+2

shell

TABLE 2 FLUX LEVELS IN A 8000 MW GAS-CORE REACTOR WITH A
CAVITY DIAMETER OF 14 FT AND A REFLECTOR THICKNESS OF 2 FT

Outer tube (T2ZM) od 0.5 in. 0.5 in.
id 0.4 in, 0.46 in.
Inner tube (Bed) od 0.311 in, | ©.352 in.
id 0.251 in. 0.292 in.
Tube pitch
Outer reflector surface 1.5 in. 1.5 in,
Inner reflector swurface 1.188 in. 1.188 in.
Number: of coolant passages 75 100 75 100
Heat transfer area 19 700 £t2 |19 700 £t°
Frictional pressure drop 214 psi 1.3 psi
Maximum reflector temperature™ 3500° R 3500° R
Reflector volume fraction
Coolant 0.062 0.088
Outer tube 0.046 0.020

*Based on an assumed peak~to~average value of 10 for
heat deposition near the inner edge of the re-
flector,

TABLE 5 NOMINAL REFLECTOR COOLANT TUBE ARRANGEMENT FOR
THE FOLLOWING REACTOR CONFIGURATION: CAVITY
DIAMETER = 14 FT, REFLECTOR THICKNESS = 2 FI,

PROPELLANT PEESSURE = 400 ATM




Parameter One loop|Two loop
Radiator coolant fle Li
Maximum radiator pressure atm 680 194
Avera‘ge radiator temperature °R 2 360 2 210
Radiator surface arsa £té 50 800 67 800
Radiator planform area rté | 25 600 | 34 400
Radlator weilght 1b 407 800 231 400
Healt exchanger weight 1o | meemmm—— 171 700
Total heat rejection system 1b ]407 800 (403 100
TABLE 4 HEAT REJECTION SYSTEM CHARACTERISTICS
Minimum welght configurations Weight, 1b
Cavity Reflector Cavity Reflector-| Pressure | Radiator | Total
diameter, | thickness, | pressure,| moderator vessel
6 ft atm
14 1.85 254 209 000 82 000 | 230 000 | 521 000
12 1.85 350 184 000 87 050 267 000 | 538 000
10 2.5 450 204 200 97 000 | 307 OOO‘ 608 200

TABLE 5 COMPONENT WEIGHTS OF SELECTED REACTOR CONFIGURATIONS
WITH BeO REFLECIOR~MODERATORS

Configuration Weight, 1b
Separated Mo in Cavity Reflector Cavity Reflector~ | Pressure | Radiator | Total
reflector-moderator, | diameter, | thickness, | pressure, | moderator vessel

volume percent t 't atm
0 1z 2.5 275 274.000 85 000 238 000 |597 000
1.5 12 2.5 550 274 000 170 000 17380 000 |763 800
0 14 2.0 200 265 600 74 000 {212 000 |[551 800
1.5 14 2.0 375 2695. 600 137 000 276 000 678 600
1.9 14 2.0 550 265 600 201 000 {350 000 |816 800
o] 14 2.5 175 353 500 73 000 203 000 629 500
1.5 14 2.5 285 353 8500 120 000 | 242 000 | 715 500
1.9 14 2.5 345 355 500 146 000 264 000 763 500
2.5 14 2.5 490 383 500 210 C00 ]330 000 |893 500

TABLE 6 EFFECT OF SEPARATED Mo ON' COMPONENT: WEIGHIS OF SELECTED REACTOR CONFIGURATIONS
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Figure L. - Schematic of the open-cycle gas-core reactor engine
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Figure 2. - Schematic of open-cycle gas-core reactor,
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Figure 3. - Schematic of a section of the open-cycle gas-core reactor,
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Fiygure' 4.-- Variation of critical mass of the reference
reactor configuration with hydrogen propellant at
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Figure 5. - Variation of reactivity change with hydrogen
pressure for reference reactor configuration.
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Figure 13. - Variation of component weights with cavity
pressure for the reference reactor configuration with a
cavity diameter of 14 feet and a BeO reflector-moderator.
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